OBJECTIVE: Obesity is associated with adipose tissue hypoxia, and is thought to be linked to the chronic low-grade inflammation of adipose tissue, although the precise mechanism has remained unclear. In this study, we investigated the effect of a prominent hypoxia on human primary adipocyte secretion and tumor necrosis factor alpha (TNFa)-induced nuclear factor-kB (NF-kB) signaling. RESULTS: Using cytokine array and ELISA analysis, we compared the secretion patterns of normoxic and hypoxic (1% O 2 ) adipocytes and observed various alterations in adipokine release. We could reproduce known alterations like an induction of interleukin (IL)-6, vascular endothelial growth factor, leptin and a reduction in adiponectin release under hypoxia. Interestingly, we observed a significant reduction in the secretion of macrophage chemotactic protein (MCP)-1 and other NF-kB-related genes, such as growth-regulated oncogene-a, eotaxin and soluble TNF-Receptor1 (TNF-R1) under hypoxia. TNFa stimulation of hypoxic adipocytes resulted in a significantly reduced phosphorylation of NF-kB and its inhibitor IkBa compared with normoxic cells. Furthermore, chronic treatment of hypoxic adipocytes with TNFa resulted in an expected higher secretion of the chemokines MCP-1 and IL-8, but under hypoxia, the secretion level was substantially lower than that under normoxia. This reduction in protein release was accompanied by a reduced mRNA expression of MCP-1, whereas IL-8 mRNA expression was not altered. Additionally, we observed a significantly reduced expression of the TNF-receptor TNF-R1, possibly being one cause for the reduced responsiveness of hypoxic adipocytes towards TNFa stimulation. CONCLUSION: In conclusion, human primary adipocytes show a basal and TNFa-induced reduction of MCP-1 release under hypoxia. This effect may be due to a reduced expression of TNF-R1 and therefore attenuated TNFa-induced NF-kB signaling. These observations demonstrate a reduced responsiveness of hypoxic adipocytes towards inflammatory stimuli like TNFa, which may represent an adaptation process to maintain adipose tissue function under hypoxia and inflammatory conditions.
INTRODUCTION
It is well described that white adipose tissue does not only act as a fuel storage site for triacylglycerides but also as one of the main endocrine organs. 1 A high number of proteins, the so-called adipokines, are released by adipose tissue, such as adiponectin, interleukin (IL)-6, vascular endothelial growth factor (VEGF), tumor necrosis factor alpha (TNFa) or macrophage chemotactic protein (MCP)-1. 2 Adipokines can act in an autocrine manner and are associated with the well described chronic, low-grade inflammation of the adipose tissue in obesity, as well as in an endocrine manner, where they contribute to obesity-related disorders such as type 2 diabetes and the metabolic syndrome. 3, 4 Current studies are linking hypoxia to adipose tissue inflammation, as various inflammation-related adipokines are inducible by hypoxia. 5 Furthermore, in diverse mouse models of obesity, it could be shown that severe adipose tissue hypoxia of about 2 --2.6% in vivo occurs, 6 --8 and also a study done in humans showed a mild hypoxia of about 6.1% in adipose tissue of obese patients compared with an oxygen concentration of 7.2% in lean controls. 9 Hypoxia could be defined as an imbalance between oxygen supply and consumption. 10 The response to hypoxia is a common mechanism that could be observed in tumors, wound healing or ischemia, and there are also some tissues like the thymus or the bone marrow niche that are described to be relatively hypoxic. 11 However, hypoxia is strongly linked to the inflammatory response like the nuclear factor-kB (NF-kB) signaling, as there is evidence that it induces NF-kB activity. 12, 13 In the present study, we established an in vitro model of hypoxia in human primary adipocytes in our laboratory and analyzed alterations in the secretory profile of hypoxic adipocytes. The aim was to assess the effect of a prominent hypoxia (1% O 2 ) on adipocyte signaling, where we identified a hypoxic regulation of the NF-kB pathway. This study demonstrates that the responsiveness of hypoxia-treated adipocytes towards TNFa stimulation is attenuated and NF-kB related cytokines are downregulated by a strong hypoxia of 1% oxygen.
MATERIALS AND METHODS Materials
Reagents for SDS-PAGE were supplied by Amersham Pharmacia Biotech (Braunschweig, Germany) and by Sigma (Munich, Germany). Human specific anti-phospho-NF-kB (pp65) (Ser536), anti-NF-kB (p65), anti-IkBa and anti-phospho-IkBa (Ser32) antibodies were supplied by Cell Signaling Technology (Frankfurt, Germany). Human anti-hypoxia-inducible-factor (HIF)-1a was supplied by Novus Biologicals Inc. (Cambridge, UK). Human anti-actin and anti-glucose transporter (GLUT)1 antibody came from Abcam (Cambridge, UK) and HRP-conjugated goat anti-rabbit and goat anti-mouse IgG antibodies from Promega (Mannheim, Germany). Collagenase NB4 was obtained from Serva (Heidelberg, Germany). Fetal calf serum was supplied by Gibco (Invitrogen, Carlsbad, CA, USA). Troglitazone and human recombinant TNFa were obtained from Sigma. Complete protease inhibitor cocktail tablets were from Roche (Mannheim, Germany). All other chemicals were of the highest analytical grade commercially available and were purchased from Sigma and Applichem Biochemica (Darmstadt, Germany). Gas mixture was supplied by Air Liquide (Dü sseldorf, Germany).
Adipocyte isolation and culture
Subcutaneous adipose tissue was obtained from healthy, lean or moderately overweight women (n ¼ 26, body mass index 27.0 ± 4.4 kg m --2 and aged 43.2 ± 9.6 years) undergoing plastic surgery. The procedure was approved by the ethical committee of the Heinrich-Heine-University (Dü sseldorf, Germany). Preadipocytes were isolated by collagenase digestion of adipose tissue as previously described by us. 14 NaHCO3, pH 7.4) for 14 days with medium change every 2 --3 days and addition of 5 mM troglitazone for the first 3 days. The degree of differentiation was determined by oil red staining.
Hypoxia treatment
For hypoxia treatment, differentiated adipocytes at day 14 were incubated in a-modified Eagles medium and exposed to a gas mixture containing 1% O 2 , 5% CO 2 and 94% N 2 in MIC-101 modular incubator chambers (BillupsRothenburg, Del Mar, CA, USA) at 37 1C for indicated times.
Immunoblotting
All cells were treated as indicated and lysed in a buffer containing 20 mM MOPS, pH 7.0, 2 mM EGTA, 5 mM EDTA, 30 mM sodium fluoride, 60 mM b-glycerophosphate, pH 7.2, 20 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM dithiothreitol, 1% TritonX100 and complete protease inhibitor cocktail. Lysates were sonificated at 4 1C and the suspension was centrifuged at 10 000 g for 20 min. Thereafter, 10 mg of protein were separated by SDS-PAGE using 10% horizontal gels and transferred to polyvenylidenefluorid membrane in a semidry blotting apparatus. Membranes were blocked with Tris-buffered saline containing 0.1% Tween and 5% non-fat dry milk or bovine serum albumin and subsequently incubated overnight with the appropriate antibodies. After washing, membranes were incubated with secondary HRP-coupled antibody and processed for enhanced chemiluminescence detection using Immobilon HRP substrate (Millipore, Billerica, MA, USA). Signals were visualized and evaluated on a VersaDoc 4000 MP work station (BioRad, Munich, Germany).
Cytokine array and ELISA analysis Conditioned media (CM) from normoxic and hypoxic adipocytes were analyzed by cytokine array and ELISA measurements. On the basis of former studies, 15 CM's were collected over a period of 48 h to make sure that differences of low abundant proteins were in the range of array and ELISA sensitivity. RayBio human cytokine arrays C-series 2000 (Raybiotech, Norcross, GA, USA) were performed with undiluted CM according to the manufactures instructions and signals were visualized and evaluated on a LUMI Imager (Boehringer, Mannheim, Germany) work station. Concentration of IL-6, VEGF, MCP-1 and IL-8 secretion was determined using ELISA kits purchased from Gen-Probe (San Diego, CA, USA), Adiponectin concentration was determined with an ELISA kit from Biovendor (Heidelberg, Germany). The assays were performed in duplicates.
RNA-isolation and quantitative real-time PCR
Total RNA was isolated and reverse transcribed using the RNeasy Lipid Tissue and Omniscript Reverse Transcription kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Gene expression was determined by quantitative real-time PCR using QuantiTect primer assays and SYBR green reagents (Qiagen) with 1.25 --25 ng of generated cDNA on a Step One Plus Cycler (Applied Biosystems, Carlsbad, CA, USA). POLR2A was chosen as a housekeeping gene, as it was used as an appropriate reference gene in hypoxia studies of the current literature. 16, 17 Expression levels of investigated genes were normalized to POLR2A. Gene expression was analyzed by the DDCt method.
Presentation of data and statistics
Data are expressed as mean±s.e.m. Paired two-tailed Student's t test or one-way ANOVA (post-hoc test: Bonferroni's multiple comparison test) were used to determine statistical significance. All statistical analyses were done using Prism (GraphPad, La Jolla, CA, USA) considering a P-value of o0.05 as statistically significant. Corresponding significance levels are indicated in the figures.
RESULTS

Hypoxia alters the secretory profile of human primary adipocytes
In vitro differentiated human primary adipocytes were incubated under normoxia (21% O 2 ) or a strong hypoxia of 1% oxygen for up to 24 h. After 8 h of hypoxia, an accumulation of the transcription factor HIF-1a of more than 100 fold could be detected as well as the accumulation of its target gene GLUT-1 of about 1.6 fold ( Figure 1a ). Furthermore, the mRNA level of HIF-1a and GLUT1 after 8 and 24 h of hypoxia were determined by quantitative realtime PCR and showed the already-described reduction in HIF-1a mRNA as well as an elevated GLUT1 mRNA expression 16 ( Figures  1b and c) .
Subsequently, the secretory products of normoxic and hypoxic adipocytes were collected as adipocyte CM for 48 h. Human cytokine array analysis was used as an initial screening method to detect alterations in the secretory profile because of the hypoxic treatment (Figure 2a) . A prominent reduction of MCP-1 (75%) in CM of hypoxic adipocytes could be observed, as well as reduced concentrations of factors such as growth-regulated oncogene (Gro)-a (73%), eotaxin (37%) and soluble-TNF-receptor1 (sTNF-R1) (35%) (Figure 2b ). In agreement with earlier reports, reduced adiponectin (61%) and elevated IL-6 (159%), leptin (5672%) and VEGF(139%) secretion could be detected by the cytokine array analysis (Figure 2b ). The protein levels of MCP-1, IL-6, leptin, VEGF and adiponectin were further quantified by ELISA measurements (Figures 3a --c) . Hereby we could verify a significantly reduced release of MCP-1 by human primary adipocytes under hypoxic conditions of 790 vs 1286 pg ml --1 under normoxia per 350 000 cells (Figure 3a) .
Hypoxia attenuates TNFa-induced NF-kB signaling To identify signaling pathways, which were involved in the secretory changes, we analyzed normoxic and hypoxic adipocytes (8 h, 1% oxygen) with a Kinex Antibody Microarray as a first screening method. This analysis showed alterations in the expression level of diverse proteins involved in NF-kB signaling.
These alterations were validated in further experiments, and a significant downregulation of NF-kB (24%) and IkB kinase (IKK)-a (46%), but no significant regulation of the inhibitor of NF-kB (IkBa) and IKKb could be observed (Figure 4a ).
To test whether hypoxia could alter NF-kB signaling in adipocytes, cells were pretreated for 8 h with normoxia or hypoxia. Thereafter, normoxic and hypoxic adipocytes were stimulated with 50 ng TNFa for 5 --60 min. Hypoxic treatment resulted in a significantly reduced phosphorylation of NF-kB after 5 and 10 min of TNFa stimulation, as well as to a significantly reduced phosphorylation of IkBa after 5 min (Figures 4b and c) . Furthermore, to test whether this effect was concentration dependent, we used lower TNFa concentrations. Treatment of hypoxic adipocytes with 5 ng TNFa, but not with lower concentrations, for 10 min showed a reduction in NF-kB phosphorylation (Figure 4d ).
Hypoxia downregulates the TNFa-receptor TNF-R1
In order to identify a potential cause for the observed attenuation of the TNFa-induced NF-kB signaling, the expression levels of the TNF-receptors TNF-R1 and -R2 were analyzed. TNF-R1 protein expression was analyzed by western blotting and quantitative real-time PCR, whereas TNF-R2 expression was only detectable by quantitative real-time PCR. For TNF-R1, a significant downregulation of nearly 30% after 8 and 24 h of 1% hypoxia could be observed at the protein level (Figure 5a ), but without an effect at the mRNA level (Figure 5b ). In contrast, TNF-R2 showed a significant higher mRNA expression (182%) after 8 h of hypoxia compared with normoxic adipocytes, which normalized after 24 h (Figure 5c ).
Hypoxia reduces the TNFa-induced chemokine secretion As a consequence of the hypoxia-induced downregulation in NF-kB signaling, we hypothesized that changes in NF-kB-related gene expression and secretion would occur. This hypothesis was supported by the reduced amounts of MCP-1, Gro-a, eotaxin and sTNF-R1 in CM of hypoxic adipocytes, all proteins that are NF-kBrelated genes. After an 8 h pre-incubation of adipocytes under normoxia or hypoxia, 50 and 5 ng TNFa was added and incubated under normoxia or hypoxia for an additional 18 h. CM's were (Figures 6a and b) . Furthermore, a significant downregulation of the MCP-1 mRNA level after treatment with 5 ng TNFa of about 25% could be detected, whereas the mRNA level of IL-8 showed no significant changes.
DISCUSSION
Adipose tissue inflammation is presumed to be the consequence of a dysregulation in adipokine secretion, infiltration of inflammatory cells like macrophages and the occurrence of local tissue hypoxia, which all together contributes to obesity-related disorders such as the metabolic syndrome and insulin resistance. 18 --20 Furthermore, hypoxia is shown to alter the secretory profile of adipocytes and especially elevates angiogenic and inflammatory factors. 8, 16, 21 In our cell culture model of hypoxia, we can reproduce the described effects of elevated levels of leptin, VEGF and IL-6, and reduced adiponectin. Moreover, we can show for the first time in human primary adipocytes that hypoxia leads to a reduction in MCP-1 secretion under basal and TNFastimulated conditions. This is a surprising observation, as this chemokine acts as an attractant for monocytes 22 with proinflammatory properties and it would be expected that hypoxia rather induces it. Additionally, we observed that other adipokines like Gro-a, eotaxin and sTNF-R1 are reduced and it is notable that these factors are all NF-kB regulated genes. To our knowledge, this is the first report that these adipokines are less released from adipocytes because of hypoxic treatment. This observation indicates that hypoxia may also exert unexpected beneficial antiinflammatory effects on adipocyte chemokine expression and release and therefore a possibly altered behavior on immune cell attraction and infiltration into adipose tissue. This effect could be mediated by an altered NF-kB signaling, as we also demonstrate that hypoxia in adipocytes leads to an attenuation of TNFainduced NF-kB signaling and eventually a reduced TNFa-induced secretion of MCP-1 and IL-8 during chronic hypoxia. This attenuation should not be caused by an enhanced hypoxiainduced autocrine TNFa release and a resulting resistance to this cytokine, as we neither observed elevated mRNA levels nor detectable TNFa amounts in CM of hypoxic adipocytes (data not shown). As it is suggested that adipose tissue-located macrophages are an important source for various pro-inflammatory cytokines, such as TNFa and IL-6, 23 it can be assumed that the attenuation of hypoxic adipocytes in NF-kB signaling, and eventually in MCP-1 release, is a protective mechanism towards the paracrine effects of TNFa.
Current studies showed that hypoxia could activate NF-kB activity in various cell lines such as Jurkat, HeLa or 3T3-L1 Figure 5 . Expression of TNF-receptors under hypoxia. Differentiated human primary adipocytes were incubated under hypoxia for 8 and 24 h. Afterwards, cells were harvested and directly lysed. (a) Total lysates (10 mg) were analyzed by western blotting as described in Figure 1 and incubated with anti-TNF-R1. Representative western blots are shown. (b, c) mRNA was isolated and processed for quantitative real-time PCR, as described in Figure 1 . Data are mean values±s.e.m. of 4 --6 independent experiments. *Po0.05 compared with the normoxic control. cells. 8, 12, 13 In contrast, a recent study on endothelial cells reported a reduction in NF-kB activity and IL-8 protein expression due to hypoxia. 24 Although the effect of hypoxia to induce NF-kB signaling seems to be cell-type-dependent, our finding of reduced MCP-1 mRNA levels in human primary adipocytes is in accordance with other current studies that demonstrated as well reduced MCP-1 mRNA expression under hypoxia in various cell types, such as macrophages, cardiac cells, ovarian cancer cells and a human adipocyte cell line. 16,25 --27 On the other hand, it is also reported that hypoxia could induce MCP-1 expression in human dermal fibroblasts and hypoxic brain. 28, 29 However, the mechanism behind the downregulation of MCP-1 mRNA is not clear, but the group of Safronova et al. 30 suggested a histone deacetylases dependent one. They report that hypoxia induces the deacetylation of histones and therefore repression of MCP-1 mRNA transcription. The group also analyzed the effect on IL-8 mRNA and protein expression, but in contrast to MCP-1, they observed an induction of IL-8. This is in contrast to our observation, as we observed a reduction in IL-8 protein release from TNFa-treated hypoxic adipocytes, whereas we could not detect a significant change in basal as well as TNFa-induced IL-8 mRNA levels. This effect may be caused by a posttranscriptional mechanism like suppression of mRNA translation, which is described to occur under hypoxia. 31, 32 Our results suggest that hypoxic adipocytes are less responsive to TNFa treatment. This is supported by the reduced TNFa-induced phosphorylation of IkBa, which is therefore not ubiquitinated and degraded in the same time-dependent manner as it occurs under normoxic conditions. This effect should result in a decreased release of NF-kB, which is necessary for activation and translocation into the nucleus, and indeed we can show a decreased NF-kB phosphorylation level and consequently activation under hypoxia with direct effects on its target genes. The reduction in MCP-1 mRNA expression and protein secretion displays this direct consequence of the reduced responsiveness of hypoxic adipocytes towards TNFa stimulation and NF-kB signaling.
It is suggested that hypoxia activates NF-kB activity and related gene expression mainly through the canonical pathway. 33 The activation of the canonical pathway depends on IKKb, whereas the non-canonical pathway relies on the function of IKKa. 34 Our expression analysis of the IKK subunits showed an unaltered expression level of IKKb, whereas IKKa was significantly downregulated. This implies that the impairment in TNFa-induced NF-kB signaling is not due to a reduced availability of IKKb and its activity. Regarding the reduced expression level of IKKa, it could be assumed that hypoxia also exerts a modulatory effect on the non-canonical pathway in human adipocytes, which has to be further investigated.
It is reported that in the majority of cells TNFa signals through the TNF-receptor1 (TNF-R1), which is regarded as the main receptor for canonical NF-kB signaling. 35 Current investigations suggest that activation of TNF-R1 results in an elevated inflammatory state and that it promotes cell death, 36 --38 whereas TNF-R2 seems to have an anti-apoptotic and anti-inflammatory effects as shown in different tissues and cell types. 38 --41 In this study, we demonstrate that TNF-R1 is less expressed in hypoxic compared with normoxic adipocytes, and this effect cannot be explained by an enhanced membrane shedding, as we also observed reduced sTNF-R1 amounts in CM of hypoxic adipocytes. Regarding the higher mRNA expression of TNF-R2, our data suggests that hypoxia induces a less inflamed state by reducing pro-inflammatory signaling by TNF-R1 and elevated levels of TNF-R2. This switch in inflammatory signaling may explain the observed attenuation of the TNFa-induced NF-kB activation, and the altered expression pattern of the chemokines MCP-1, IL-8, Gro-a and eotaxin.
In summary, our study shows that hypoxia in human primary adipocytes exerts beneficial effects under basal and inflammatory conditions, which are reflected by reduced basal and TNFainduced MCP-1 secretion due to an attenuated NF-kB signaling. This effect is possibly mediated by a reduced expression and availability of the receptor TNF-R1. It may be speculated that this unexpected response towards low oxygen concentrations reflects a mechanism to limit inflammation and immune cell infiltration in areas of the adipose tissue, where adipocytes are exposed to hypoxia and high concentrations of inflammatory cytokines like TNFa. Enhanced immune cell infiltration may contribute to the hypoxic and inflammatory environment, as these cells are described to be highly metabolically active with high consumption rates of oxygen and are expected to release high amounts of inflammatory factors like TNFa. 10, 21, 23 On the other hand, current studies reported that macrophage migration is reduced under hypoxia 27, 42 and it is suggested that this inhibition may stimulate the accumulation and repress the egression of macrophages in inflamed regions. 43 However, the repression of chemokine expression and secretion by hypoxia through an attenuated NF-kB signaling should be beneficial for adipose tissue inflammation and homeostasis, especially when adipocytes are affected by macrophage-derived TNFa. The direct cross-talk of these less responsive adipocytes with other adipose tissue-located cells like macrophages has to be further determined. This study indicates that hypoxia is a complex state that is not only involved in adipose tissue inflammation but may also trigger an attempt to maintain tissue function.
